O 00 N O U1 b W

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Laser shock peening enables 3D gradient metal structures: A case study on

manufacturing self-armored hydrophobic surfaces

Abstract

Gradient heterostructures typically exhibit excellent mechanical properties. The traditional laser shock method can
produce only 1D or 2D gradient structures along the thickness of a material. In this study, we propose a technique called 3D
gradient laser shock peening without coating (3LSPwoC) for manufacturing 3D gradient metal structures. An excellent
application of this method is the manufacture of multi-scale hydrophobic surfaces with integrated enhanced armor (IE-armor)
in a flexible, large-scale and low-cost manner. Hydrophobic surfaces of metals are of great importance, but are typically
mechanically fragile and degrade quickly, as the surface nanostructures tend to break under mechanical forces. Current
approaches either expose the functional large-aspect-ratio nanostructures directly to external forces or have unbalanced
strength-ductility synergy for dynamic loads, resulting in degradation of the properties. A self-armored hydrophobic surface
structure was obtained by a combination of laser shock and low surface energy treatment. An IE-armor structure with a
well-designed strength-ductility synergy was considered to protect the rich nano-hydrophobic structures. The arrayed
micro-pits and abundant micro-nano structures in the pits realized a stable Cassie-Baxter state, resulting in a superhydrophobic
surface. The alternating regular distribution of hard and sub-hard domains on the metal surface, together with the soft domain
in the core, formed a 3D gradient structure, which achieved excellent synergistic plastic deformation and provided superior
mechanical robustness. The 3D gradient metal structure manufactured using the 3LSPwoC process is expected to play a
crucial role in highly reliable functional surfaces in aerospace, locomotive manufacturing, and ocean engineering.
Keywords: Laser shock; 3D gradient structure; Hydrophobic properties; Mechanical properties

1. Introduction

The hydrophobicity of a material’s surface is of significant importance for realizing anti-icing, anti-fouling, self-cleaning
and corrosion-prohibitive applications, and thus determines the service life of the material [1-3]. Researchers have used
different process methods to effectively control the hydrophobic properties of metal surfaces by adjusting their microscopic
morphology and chemical composition [4—7]. However, the main technical bottlenecks restricting large-scale applications of
existing hydrophobic structuring methodologies are the fragility of the fabricated hydrophobic structures and the lack of
flexibility in the processing technology for 3D surfaces with various compositions [8-10]. Under complex multi-physical
external environmental loads, such as cyclic mechanical loading, chemical corrosion, and abrasion, the reliability of the
hydrophobic structure is rapidly reduced. Thus, the performance in these situations is highly related to the defect evolution and
mechanical properties of the surface and sub-surface.

A mechanically robust hydrophobic design based on microscale armor and nanoscale hydrophobic structures is
introduced to alleviate the exclusiveness of mechanical robustness and water repellence. Deng et al. [11] suggested a
microscale ceramic or bulk-deformed metal armor structure design to address this problem. Ceramic armor requires
lithography and multiple other complicated processes, and has compatibility problems with the substrates. Metal armor
fabrication requires high-pressure deformation of the bulk material, resulting in changes in part geometry and internal
metallurgical structures, which is not acceptable in most cases. Therefore, for large-scale industrial applications, it is not yet
feasible to fabricate such armors on targeted surfaces without degrading the integrity or geometric precision of the target, in
addition to the economic and efficiency reasons.

Laser surface structuring is believed to be an enabling technology for hydrophobic surface fabrication [12-15].
Femtosecond laser direct ablation of the target material to generate various nanoscale features has drawn intense attention in
the recent decades [16-18]. Guo et al. [19-21] reported the femtosecond laser treatment of metals to achieve hydrophobic,
black, and water-repellent surfaces. However, femtosecond lasers have various delicate optics, making the process expensive
and inefficient for large-scale applications. Pulsed laser shock imprinting can generate metallic surface structures with high
precision and higher yield [22-25]. Ultra-smooth three-dimensional crystalline metal structures with sub-10 nm precision can
be fabricated in atmospheric environments [26]. However, the substrates are restricted in terms of their thickness and the
molds used are expensive to fabricate.

Direct laser ablation with long pulses (~ ns) can increase the efficiency, lower the fabrication cost and overcome the
thickness restriction [27,28]. Various researchers [29-31] employed a high-energy nanosecond pulsed laser to texture the
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surface of a material, and with the help of low-surface-energy reagents, a cross-scale micro-nano composite superhydrophobic
surface structure could be obtained. However, the treated surfaces typically become brittle and unarmored, resulting in
mechanical contact-induced fracture of the functional nanostructures, less energy absorption under dynamic loading, and
fragile surface mechanical properties. To increase the overall mechanical properties of metal surfaces, Liu et al. [32] used a
surface mechanical attrition treatment (SMAT) technique based on the shot peening process to introduce soft and hard
domains on the surface of copper to balance the relationship between strength and ductility. This process also results in dense
nanotwins that are typically ductile and strong. Shot peening improves the mechanical properties of the material, but the
surface morphology cannot be effectively controlled. For the fabrication of durable hydrophobic surfaces, it is necessary to
develop a novel strategy to combine nature-inspired nanoscale geometries, mechanical micro-armors, and strength-ductility
balanced subsurface internal nanostructures.

In this study, we demonstrated a straightforward strategy for fabricating self-armored multi-scale hydrophobic surfaces in
a flexible and large-scale fashion. The application scope of the laser shockwave was expanded, and a new technology for 3D
gradient laser shock peening without coating fabrication of high-reliability hydrophobic surface structures was proposed. The
hydrophobic and mechanical properties of copper were studied using the 3LSPwoC. The numerical simulation results of the
finite element and molecular dynamics simulations provide theoretical support for the experimental data. The application of
this technology can achieve both excellent hydrophobic and mechanical properties of metallic components, which opens
avenues for high-performance and durable engineering applications.

2. Materials and methods
2.1. Urgent need of self-armored hydrophobic surfaces

Abrasion object

Hydrophobic
microstructure

Hydrophobic
microstructure

Hydrophobic
microstructure

Stress concentration,

Laser-shock-induced
self-armored structure

(a) (b) (c)
Fig. 1. Different hydrophobic surface structures. (a) hydrophobic surface without armor. (b) external armor hydrophobic
surface. (c) laser-shock-induced self-armored hydrophobic surface.

Without armor structure External armor structure

In addition, the hydrophobic structure made on the power surface can reduce the drag and effectively improve the driving
speed of the power. Hydrophobic metal surfaces can be fabricated by forming microstructures on metal surfaces and reducing
the surface energy of the microstructure, which is a widely recognized method. Currently, the main technical bottleneck is the
improvement in the mechanical strength of the hydrophobic metal structure. Under the action of high-frequency periodic
external mechanical loads (such as deicing and defrosting operations and sea water scouring of ships), the hydrophobic
surface structure without armor can easily fail (Fig. 1a). The service reliability of the hydrophobic surface of the external
armor was also affected. The external armor constituted other hard materials and was embedded on the surface of the target to
achieve protection. Because there were two types of materials on the target surface, stress concentrated easily at the interface
of the materials, generating microcracks, which affected the service reliability of the structure (Fig. 1b). Therefore, the
manufacture of a metal hydrophobic surface with excellent mechanical properties is an urgent problem that needs to be solved
in the engineering field. Accordingly, we introduced the concept of self-armored hydrophobic surfaces (Fig. 1c). This metal
surface is a strengthened multistage heterogeneous gradient armor structure (detailed in section 3.3 Mechanical properties),
that can effectively resist the impact of external mechanical loads, protect the internal hydrophobic nanostructures, and
improve the service life of the hydrophobic structure. Self-armored hydrophobic surfaces can easily be extended to different
kinds of metal surfaces (detailed in section 3.4 Application to other metals), and are of high engineering value.
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2.2. Materials

A copper plate with the purity of 99.99% was selected for 3LSPwoC. The thickness of the pure copper plate was 200 pm.
The main elemental composition of the copper plate is listed in Table. 1 Pre-annealing was carried out in a vacuum tube
furnace at 600 °C for 1 h, and the heating rate of the tube furnace was 5 °C/min. As shown in Fig. Sla-c, 316 stainless steel
woven grids of three different sizes were used as auxiliary parts for 3LSPwoC, acting as optical masks and momentum
transmission layers. The size (a*b) and thickness (d) of the thin metallic grids are shown in Table. 2.

Table. 1 Main element composition of copper plate
Element Bi As Sb Fe Pb S Cu
Content(wt%) 0.0008  0.0013  0.0015  0.0036 0.0038  0.0044 Bal

Table. 2 Geometry of the thin metallic grids

Group number axb (um?) d (um)
Casel 100100 50
Case 2 150225 70
Case 3 250>425 80
2.3. Processing setup
Shock wave Thin metallic grid

Nanosecond laser ,Eyw
o/ / “‘\ Mirror

Scan
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Fig. 2. Process-mechanism-application of 3LSPwoC. (a) schematic of the 3LSPwoC process. (b) 3D gradient structures
fabricated by 3LSPwoC. (c) cross-sectional view of a 3D gradient structure. (d) robust hydrophobic properties of 3LSPwoC
samples. (e) 3D profile topography of the 3LSPwoC sample. (f) micro-nano morphologies of 3LSPwoC samples.

Fig. 2a displays a schematic of the 3LSPwoC process. A Q-switched nanosecond Nd:YAG laser was used for laser shock
experiments. A laser shock path was built in front of the laser using an optical platform. The entire optical path ensured that
the nanosecond laser could be vertically irradiated on the sample surface after passing through the mirror, focusing lens, and
protective glass, successively. An air blast device was placed beside the square container. The airflow generated by the
blowing device was used to change the movement path of the splashing droplets under impact to prevent pollution of the
mirror group and affect the beam quality. The square container was placed on a three-coordinate moving platform, which was
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used to realize the spot lap of the pulse laser. The cleaned annealed copper substrate was placed in a square container, and a
thin metallic grid was placed over the copper surface. The edge position of the thin metallic grid was fixed using a metal
clamp, ensuring the thin metallic grid and copper are as close as possible. Deionized water was poured along the walls of the
square container. The thin metallic grid was pressed slightly using a scale to squeeze out any remaining air bubbles at the
bottom of the grid. The blowing device, laser, and mobile platform were then switched on successively to develop the laser
shock experiment (Supplementary Video 1).
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Fig. 3. Optimization of process parameters. (a) 2D profile morphology and SEM morphology of the functional structure of the
sample with or without the confinement layer. (b) 2D profile of the sample surface under different thickness of confinement
layer. (c) 1.2 GW €m2. (d) 8.1 GW €m2. () 16.2 GW ¢m™.

The process parameters are closely related to the morphology and properties of the samples. For example, it is well
known that the pulse width of a laser is related to the heat input [33,34]. To highlight the force effect of the pulse laser and
improve the mechanical properties of the materials, a smaller pulse width was selected in this study. Laser scanning speed,
pulse laser frequency and spot size are the three parameters that affect the spot overlap rate. By coordinating the above three
parameters, the overlap rate of laser spot was finally achieved as 50%. In the early stage, we focused on the analysis of the
effect of the presence or absence of the confinement layer, the thickness of the confinement layer, and the pulse laser energy
on the production of samples. The shockwave induced by the pulse laser was transmitted in the thickness direction of the
target under the constraint of the confinement layer. Compared with the samples without the confinement layer, the samples
with the confinement layer exhibited more obvious surface fluctuations and more abundant micro-nano structures (Fig. 3a).
The thickness of the confinement layer constrained the plasma escape, therefore, the thickness of the confinement layer
affected the shock pressure. When the thickness of the constraint layer was increased from 2 mm to 10 mm, the deformation
of the sample increased gradually. However, when the thickness of the confinement layer continued to increase to 15 mm, the
shape variable of the sample did not significantly increase (Fig. 3b). Compared with the samples at low laser energy, with an
increase in laser energy, the number of micro-nano structures on the material surface increased under the action of heat, force,
and other comprehensive factors. However, when the laser energy was too large, the degree of disturbance of the sample
surface increased owing to the obvious force effect, and the size of the micro-nano structure of the material surface increased,
which impacted on the hydrophobicity of the material (Fig. 3c-e). Based on above experimental studies, Table. 3 details the
process parameters of the 3LSPwoC used in this study.
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Table. 3 3LSPwoC process parameters

Process parameters value
Laser wavelength (nm) 1064
Laser pulse width (ns) 7
Laser pulse frequency (Hz) 10
Single pulse energy (J) 1
Spot diameter (mm) 15
Scanning speed (mm s1) 20
Overlap rate of the laser spot 50%
Confinement layer material Deionized water
Confinement layer thickness (mm) 10

2.4. Characterization methods

(1) Morphology characterization

An optical microscope (BX53M, Olympus Inc., Japan) was used to observe the macroscopic appearance of the samples.
A white light interferometric 3D profiler (NewViewTM 9000, ZYGO Inc., U.S.A.) was used to observe the 3D morphology
and roughness of the samples. A field emission scanning electron microscope (SEM) (MIRA 3, TESCAN Brno,s.r.o. Inc.,
Czech Republic) with an energy dispersive spectrometer (Aztec Energy, Oxford Instruments Nanoanalysis Inc., U.K.) was
used to observe the microscopic morphologies of the samples. Transmission electron microscopy (TEM) (JEM-2100F, JEOL
Inc., Japan) at the accelerating voltage of 200 kV was used to characterize the microstructure.

(2) Wettability characterization

A goniometry instrument (JCY-4, Fangrui Inc., China) was used to measure the contact angle of the sample at room
temperature (25+ 2 °C) with a 4-pL distilled water droplet. For the experiment on the hydrophobicity of the material surface
after dry friction, the 240-mesh sandpaper was placed on the surface of the samples and the samples were subjected to
mechanical friction treatment with the weight of 100 g. Utilizing the goniometry instrument, the hydrophobic angle of the
surface of the sample after the friction treatment was tested. Dry sliding friction experiments were conducted at room
temperature using a friction and wear testing machine (M-2000, Henxu Inc., China) as well as 316 L stainless steel dual balls
with the diameter of 6 mm.

(3) Characterization of mechanical properties

A nanoindenter (T1 950 Tribolndenter™, Bruker Inc., U.S.A.) was used to measure the hardness of the samples. The
pressure load was 3000 uN, and the loading method was 5 s loading, 2 s holding the load, and 5 s unloading. The X-ray
diffractometry (XRD) (X' Pert PRO, Almelo, Netherlands) was employed to analyze the phase composition and residual stress
distribution trend of the samples. The XRD scan was performed using Cu Kal radiation (A=0.1541 nm) in the 26 range of
200 80<at the rate of 4 Imin and counting time of 1 s per step. A universal testing machine (5956, Instron Inc., U.S.A))
determine used to test the tensile properties of the samples.

2.5. Simulation methods

The mechanism of plastic deformation of annealed copper induced by laser shock was verified via molecular dynamics
(MD) simulation method using a large-scale atomic/molecular massively parallel simulator (LAMMPS) [35]. A Cu model
with a dimension of 40.2 nm>20.1 nm>10.1 nm was established. A periodic boundary was used in the x, y, and z directions.
The embedded-atom method (EAM) potential was selected to describe the interaction between the Cu atoms [36]. Structural
optimization was performed using a conjugate gradient algorithm. Subsequently, the model was relaxed for 50 ps in an
isothermal-isobaric ensemble to obtain an equilibrium model. The strain rate for the uniaxial compression was set to 10E9 s™.
Visualization of atoms and analysis of dislocations were achieved using OVITO [37]. Finite element simulation was
performed to calculate the residual stress distribution and value of the 3LSPwoC samples and the tensile properties of the
samples manufactured by different processes. Details of the finite element simulation can be found in sections 5-6 of the
Supplementary Material.

3. Results and discussions
3.1. Surface topography
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Fig. 4. Surface topographies of the samples subjected to different processes. (a) 3D profile/3LSPwoC/casel. (b) 3D
profile/3LSPwoC/case 2. (c) 3D profile/3LSPwoC/case 3. (d) 3D profile/ALSP. (e) 3D profile/NLSP. (f) 2D profile of the
samples under different processes corresponding to the section profile at the black dotted line in (a)-(e). (g) SEM

image/3LSPwoC/case 2. (h) partially enlarged images of the blue box marked in (g). (i) partially enlarged images of the blue
box marked in (h). (j) microstructure generation induced by laser shock.

The surface morphology is crucial in the fabrication of durable hydrophobic surfaces. Fig. 4 depicts the surface
topographies of the samples subjected to different processes. The surface morphologies of the 3LSPwoC samples, the samples
with all-laser shock peening (ALSP), and samples without laser shock peening (NLSP) were compared. When the plasma
further absorbs the laser energy and reaches the explosion threshold, it explodes and produces a shockwave on the order of
GPa [38-40]. When the peak pressure of the shockwave exceeds the Hugoniot elastic limit (HEL) of the material, the surface
layer of the material undergoes a plastic deformation. Under the ablation and shock of the pulse laser, part of the material on
the sample surface was removed, and permanent plastic deformation occurred (Fig. 4a-e). The surface of the sample exhibited
abundant micro- and nano-morphologies. The feasibility of plastic deformation of annealed copper and the ablation conditions
are demonstrated in section 2 of the supplementary material. In contrast to the ALSP and NLSP samples, an array-like
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distribution of micron-scale pits was observed on the surface of the 3LSPwoC sample, which was attributed to the interaction
of the laser-induced multistage shockwave within the material. With an increase in the size of the metal grid, the ablation
percentage in the unit area gradually increased. Observing Fig. 4f, it was found that, compared with the traditional ALSP
process, 3LSPwoC could produce approximately several microns of undulations per pulse on the sample surface. The strain
values of cases 1-3 in 3LSPwoC samples were ~1.19%, ~1.22% and ~1.98%, respectively. The strain value of the ALSP
sample was ~0.78%. Combined with the 3D and 2D profiles, the volumes of the 3LSPwoC samples under different conditions
were estimated. As the size of the metal grid increased, the volume of the micro-pits increased from 2x10* um?® in case 1 to
3x10° um? in case 3. The microscopic morphologies of different regions of the 3LSPwoC samples varied. As shown in Fig.
4g-i, the pits directly interacting with the laser had abundant corrugated micro- and nano-morphologies, including nanospheres,
nanoholes, and nanogrooves. As shown in Fig. 2j, the rapid evaporation of the surface materials and phase explosion led to the
formation of a laser-induced plume. The atmospheric environment limited the free expansion of the laser-induced cylindrical
plume, which led to intensified collisions between the products induced by the pulse laser and surrounding matter. Vigorous
collisions between the species further led to the aggregation and oxidation of these laser-ablated species and the formation of
complex nanoaggregates. These nanoaggregates reacted with the surface molten layer and were eventually redeposited back to
the substrate surface, forming a complex microstructure. Compared with traditional ALSP and NLSP samples, 3LSPwoC
could induce more apparent surface fluctuations, and obtain arrayed pits with rich micro-nano structures.

3.2. Surface wettability
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Fig. 5. Contact angles of the samples fabricated using different processes. (a) static contact angle of the original samples. (b)
static contact angle of the sample after coating chemical reagents. (c) static contact angle of the sample after abrasion. (d) 3D
contours of the wear marks of the NLSP sample. () SEM of the abrasion marks of the NLSP sample. (f) 3D contours of the
wear marks of the 3LSPwoC sample. (g) SEM of the abrasion marks of the 3LSPwoC sample. (h) wear resistance mechanism
of 3LSPwoC sample.

The samples manufactured using the 3LSPwoC process were tested for durable hydrophobicity. Fig. 5 presents the
contact angles of the samples fabricated using different processes. As shown in Fig. 5a, the surfaces of the samples fabricated
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by the different processes were hydrophilic before coating with low-surface-energy reagents. The static contact angles of the
samples were NLSP, ALSP, and 3LSPwoC, in descending order. As the size of the metal grid increased, the contact angle of
the sample gradually increased. As shown in Fig. 5b, the surfaces of the samples became hydrophobic after coating with the
low-surface-energy reagents. It was worth noting that the samples fabricated via the 3LSPwoC process were in a
superhydrophobic state. The static contact angles of the samples are in descending order for 3SLSPwoC, ALSP, and NLSP. As
the size of the metal grid increased, the contact angle of the sample gradually increased. The wettability of the samples
manufactured using different processes after abrasion was tested by designing abrasion experiments. As shown in Fig. 5c,
after abrasion, the static contact angles of the ALSP and NLSP samples decreased sharply by approximately 20-30< whereas
the 3LSPwoC samples maintained excellent hydrophobic stability with a decrease of approximately 1-3< and 3LSPwoC/case2
and 3LSPwoC/case3 still maintained a superhydrophobic state. The microstructure and chemical composition of the material
surface are the main factors that affect the wettability of the solid surface. Currently, the Wenzel and Cassie models are two
common theoretical models used to describe the roughness of a material surface [41,42]. When the surface of the material was
not wetted, the liquid was in contact with every part of the rough surface in the Wenzel state. In the Cassie state, the liquid was
suspended on the grooves of the rough surface but could not fill the grooves of the rough surface, and only came into contact
with the convex surface of the rough surface. Nanosecond pulsed laser textured material surfaces would produce abundant
micro- and nano-structures. The microstructure spontaneously forms hydrophilic chemical groups. After the sample was
soaked in a chemical reagent with low surface energy, the fluorinated groups with low binding energy were adsorbed on the
surface of the microstructure, and chemical reactions occurred, thus changing the wettability of the material surface and
making the surface of the material appear hydrophobic. The ALSP sample is in a typical Wenzel hydrophobic state.
Meanwhile, the 3LSPwoC sample was typical of the Cassie hydrophobic state, which was attributed to an array of pits on the
surface of the 3LSPwoC sample. These pits become stable gas storage sites. In the Cassie state, the apparent contact angle
increases significantly, making it easier to achieve a superhydrophobic state. The wear of the NLSP and 3LSPwoC samples
under mechanical loading is depicted in Fig. 5d-g. The wear morphology of the NLSP samples was accompanied by deep
plows and numerous peeling pits. However, the depth of the plows and the number of peeling pits in the 3LSPwoC samples
were significantly reduced. The friction coefficient of the 3LSPwoC sample is lower than that of the NLSP sample (Fig. S4a),
and the wear amount and abrasion depth were further reduced (Fig. S4b-c). The reinforced surface of the 3LSPwoC samples
improved the resistance to external mechanical loads, and the arrayed pits became the storage place of wear debris Fig. 5h,
which reduced the damage caused by wear debris to the surface morphology. The 3LSPwoC process could obtain metal
surfaces with stable and durable hydrophobic properties under the influence of abrasion owing to the multi-scale surface
structuring effect (Supplementary Video 2).

3.3. Mechanical properties
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Fig. 6. Nanoindentation test results of 3LSPwoC samples. (a) horizontal direction. (b) vertical direction.

The mechanical properties of materials manufactured by different processes were explored further through indentation
tests, uniaxial tension, and other characterizations and relevant simulations. The 3D gradient distribution of the mechanical
properties is shown from in the nanohardness tests in of Fig. 6. Detailed indentation position, loading, and unloading curves
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are provided in Fig. S5. As shown in Fig. 6a, the hardness of the material under the metal grid (distance of 0 um) was smaller
than that directly acted upon by the laser, which was attributed to the reduction in the peak energy of the shockwave. The
hardness in the horizontal direction of the sample exhibited clear gradient changes. With an increase in the size of the metal
grid, the hardness of the area directly affected by the laser increased gradually. As shown in Fig. 6b, the hardness of the
sample gradually decreased with increasing of depth. However, at the same depth, the hardness gradually increased with an
increase in the size of the metal grid, which was attributed to an increase in the plastic deformation of the sample. When the
distance was 180 um, the hardness of the sample was close to that of annealed copper (Fig. S5g). Comparing Fig. 6a-b, it was
found that the 3LSPwoC process could produce a structure with an alternating hardness distribution on the surface of the
sample. Compared with the hardness of the original annealed copper, the material under the metal grid was also strengthened,
and the hardness was increased by 25%. On the one hand, 3LSPwoC fabricated an IE-armor structure, and on the other hand,
3LSPwoC fabricated a 3D structure with a gradient of mechanical properties along the horizontal and vertical directions.

350 350 50

] ] HNLSP
= 30 - % ALsh
g 27 ] s e A 3LSPwoC casel
= o = 200 & A ¥ 3LSPwoC case2
© 250 ” . @ 3LSPwoC case3
S 225 1 %
@ 175

£ 150

Uniform elongation (%)
w
o

? 125
— 30-{ @SMAT 15s
§ 100 —NLSE S 100 _xtgg 9SMAT 30s
5 2 — 3LSPwoC casel | — 757 — 3LSPwoC case1 251 SoMAT aoe
5 509 — 3LSPwoC case2 50 — 3LSPwoC case2 >GNG/CG
257 —— 3LSPwoC case3 25 — 3LSPwoC case3 ®GSL/CG
R e e e e A ——————————r————r——r—— 20 . T T T T T T
s 5 10 15 20 25 30 35 40 45 50 % 5 10 15 20 25 30 35 40 45 50 40 60 80 100 120 140 160 180 200
Engineering strain (%) True strain (%) Yield strength (MPa)
(

a) - : (B (c)

Gradient grains transition

U

(9) (h)

Fig. 7. Tensile properties of samples fabricated using different processes. (a) engineering stress-engineering strain curves. (b)
true stress-true strain curves. (c) yield strength and uniform elongation of tensile samples under different processes. (d) ALSP
sample. () 3LSPwoC sample/case3. (f) 3LSPwoC sample/case2. (g) 3LSPwoC sample/casel. (h) NLSP sample. (i)
synergistic mechanism of strength and ductility.

The tensile properties of the 3D gradient structures fabricated using the 3LSPwoC process are shown in Fig. 7. NLSP
samples exhibited high ductility (~44%) and low strength (~60 MPa), while ALSP samples exhibited low ductility (~36%),
high strength (~145 MPa). In contrast, the 3LSPwoC samples exhibited a better coordination of strength and ductility. The
3LSPwoC/casel sample exhibited a significant increase in yield strength (~96 MPa) with little sacrifice in ductility (~43%).
Compared with the NLSP sample, the strength of the 3LSPwoC sample was improved, and compared with the ALSP sample,
the ductility of the 3LSPwoC sample was improved. Further, regarding the 3LSPwoC sample, the yield strength of the
material gradually increased, and the ductility decreased gradually with an increase in of the size of the metal grid, which was
attributed to the increase in plastic deformation caused by the enlargement of the laser direct impact area. Compared with the
SMAT [32], GNG/CG [43], and GSL/CG [44] processes, the 3LSPwoC process shows good balanced tensile properties owing
to its ultrahigh strain rate effect. The fracture morphology of the tensile samples could indirectly reflected the strength and
ductility of the material. Observing Fig. 7d-h, it was found that the fracture morphologies of the different samples comprised
faults and dimples. The areas occupied by the discontinuities and dimples varied among the samples. The ALSP samples
exhibited more fault morphologies and fewer dimples morphologies. Meanwhile, the NLSP samples had fewer fault and more



274
275
276
277
278
279
280
281
282
283
284
285

286
287

288
289
290
291
292

293

dimple morphologies. For the 3LSPwoC sample, with an increase in the size of the metal grid, the dimple morphology in the
fracture of the sample gradually decreased, balancing the intergranular brittle and ductile fractures. The 3LSPwoC sample had
a novel 3D heterogeneous gradient structure. This was mainly manifested in the gradient change in the microstructure and
mechanical properties in the horizontal and vertical directions of the sample. During the tensile tests of the 3LSPwoC samples,
the mechanical behavior responses of the different domains varied. Owing to the different orders of plastic deformation, there
was an evident plastic strain gradient inside the material. The plastic strain gradient must be accommodated by geometrically
necessary dislocations (GNDs) (Fig. 7i). The GNDs generated a long-range stress toward the source of the dislocation, namely
the back stress, which gradually increased the strength of the soft and sub-hard domains, resulting in collaborative
strengthening between the heterogeneous structures [45-47]. Therefore, compared with the traditional 2D heterogeneous
gradient structure, the sample manufactured using the 3LSPwoC process had a larger strain gradient. The increase in back
stress would more effectively prevent premature necking of the material in the tensile process, and realize a synergistic
response of strength and ductility.
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(k)

Fig. 8. Strengthening mechanism of 3LSPwoC process. (a) OM image of the cross-section of the 3LSPwoC sample. (b) TEM
morphology of soft domain. (¢) TEM morphology of hard domain. (d) HRTEM morphology of (c). (e) selected area electron
diffraction pattern of blue box region in (d). (f) inverse Fourier transform (IFFT) image of (e). (g) TEM morphology of
sub-hard domain (IE-armor). (h) HRTEM morphology of (g). (i) selected area electron diffraction pattern of blue box region in
(h). (j) variation process of twin spacing in materials during laser shock. (k) grain refinement mechanism based on TBS and
stacking faults.

The size of the grains is related to the hardness of a material within a certain range according to the Hall-Petch theory



294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

310
311

312

313
314
315
316
317
318
319
320
321
322
323

[48]; that is, the hardness of the material increased gradually as the grain size decreased. Fig. 8 shows the microstructural
changes after the 3LSPwoC process. Fig. 8a presents an OM image of the cross-section of the 3LSPwoC sample. Under the
interaction between the laser-induced shockwave and material, grain refinement occurred at the subsurface of the material. Fig.
8b—i show the plastic deformation mechanisms of the 3LSPwoC samples. A large number of obvious nanograins were
observed in the sub-hard domain (IE-armor) and hard domain. It was worth noting that the nanograins of the hard domain
were smaller than those of the sub-hard domain. Compared with the twin spacing in the soft domain (~500 nm), the twin
spacing in the hard domain was further reduced to approximately 3 nm, which was attributed to the strain gradient in the
thickness direction of the sample. The calculated results of MD (Fig. 8j) were consistent with the TEM data, which was
mainly reflected in the variation trend of twin spacing; that is, with the decrease in shock pressure in the direction of material
thickness, the strain decreased and the twin spacing increased. Fig. 8k depicts the grain refinement mechanism based on the
TBS and stacking faults. The original grain was split into twin lamellae by a partial dislocations emitted from grain boundaries
(GBs). Dislocations piled up at the twin boundaries (TBs) convert coherent TBs to incoherent TBs. As the strain increases, the
incoherent TBs switch to large-angle GBs and generated a new dislocation source at the GBs. With further deformation,
partial dislocations are emitted from the new GBs, forming secondary deformation twins. The secondary TBs and newly
generated GBs form a cross-distributed rhombic lattice region [49]. Subsequently, the secondary TBs transformed into the
incoherent GBs with high angles, and refined sub-grains were formed.
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Fig. 9. XRD patterns and residual stress calculation results. (a) overall XRD image. (b) partial enlarged image in red dotted
box of (a). (c) 3LSPwoC sample/casel. (d) 3LSPwoC sample/case2. () 3LSPwoC sample/case3.

The XRD test results provided evidence of the phase composition and stress distribution state of the samples under
different processes. Fig. 9a presents the XRD patterns of samples under different processes. Only a single Cu component was
detected in the 3LSPwoC and ALSP samples, and no obvious oxidation phenomenon was observed, indicating that the laser
shock did not change the composition of the material. The full width at half maximum (FWHM) and the offset of the
diffraction peaks were used to evaluate the stress state of the material [50]. The spacing of the crystal planes varied with the
residual stress. Fig. 9b partially magnifies the diffraction peak of the (111) crystal plane. The FWHM and offset of the
diffraction peaks were ALSP, 3LSPwoC, and NLSP, respectively, in descending order. For the 3LSPwoC sample, with an
increase in the size of the metal grid, the FWHM and shift of the diffraction peak gradually increased. After the laser shock,
the (111) crystal plane of the samples shifted to higher angles, which is attributed to the reduction in the interplanar spacing by
residual compressive stress. The XRD test results are similar to the simulation results, verifying the validity of the model.
Residual stress also affected the hardness of the material [51], and the finite element calculation results verified the
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distribution area and magnitude of residual stress in the 3LSPwoC sample under different conditions (Fig. 9c-e). With the
increase in the size of the metal grid, the distribution area and value of the residual compressive stress increased, which was
attributed to the increase of the energy after the multiple reflection of the shockwave with the increase in the size of the metal
grid. The distribution and value of the residual stress were consistent with the hardness of the sample.
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Fig. 10. Mechanisms of gain in tensile properties of 3LSPwoC samples. (a) stress-strain curve obtained by numerical
simulation without consideration of twining. (b) initial tensile state of the regular distribution IE-armor. (c) initial tensile state

of the external armor. (d) initial tensile state of irregular distribution IE-armor. (e) initial necked state of the regular
distribution IE-armor. (f) initial necked state of the external armor. (g) initial necked state of irregular distribution IE-armor.
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Numerical simulations were used to illustrate the property enhancement mechanisms of the tensile properties (Fig. 10) of
the 3LSPwoC samples. The influence of the distribution of the 3D gradient structure on the tensile properties of the material
was studied using the finite element method. The tensile tests of the material under the five conditions of all soft domains
(NLSP), all hard domains (ALSP), alternating regular distribution IE-armor, irregular distribution IE-armor, and external
armor were simulated. To simplify the calculation, twinning was not considered, and when establishing the alternately
distributed IE-armor model, whether it was regularly or irregularly distributed, the sub-hard domain was not considered, and
only the tensile properties of the structure were evaluated. It should be noted that the strength of the material was lower than
that in the actual situation because of the negligible influence of the sub-hard domain and twinning. When the material was
soft, it exhibited high ductility and low strength, whereas when the material was in the hard domain, it exhibited low ductility
and high strength. When the surface had a distribution of hard and soft domains, the sample exhibited a balance between
strength and ductility. The initial state and initial necked morphology corresponding to all hard and soft domains are shown in
Fig. S9.

Excessive shear stress is one of the main factors affecting the tensile failure of metals. The gradient distribution of the
grain size could generate macroscopic strain gradients and convert unidirectional stress into multiaxial stress to reduce strain
localization. Compared with the 2D gradient structure, the 3D gradient structure exhibited better synergistic plastic
deformation ability. Compared with the non-regular 3D gradient structure, the regularly distributed 3D gradient structure can



349
350
351
352
353

354

355
356
357
358
359

360
361
362
363
364
365

366
367
368
369
370

introduce additional uniform tensile stress perpendicular to the tensile direction, thereby effectively avoiding early necking
and obtaining better ductility. It is worth noting that the alternately regular IE-armor structure had larger ductility than the
irregularly distributed IE-armor structure. The external armor structure, owing to the weak bonding of the microstructure to
the bulk material, had an earlier necking time than the alternately regularly distributed IE-armor structure, resulting in poorer
tensile properties.

3.4. Application to other metals

Low magnification High magnification

Fig. 11. 3D gradient structures fabricated on different material surfaces using 3LSPwoC process. (a)-(c) 3D gradient structure
of 7075 aluminum alloy surface. (d)-(f) 3D gradient structure of Ti6AI4V titanium alloy surface. (g)-(i) 3D gradient structure
of 304 stainless steel. (j)-(I) 3D gradient structure of FeCoCrNi high-entropy alloy surface. (m)-(0) 3D gradient structure of
DD406 single crystal superalloy surface.

Fig. 11 displays the 3D gradient structures fabricated on the surfaces of different materials using the 3LSPwoC process.
Cross-scale micro-nanocomposite structures were formed on the surfaces of different materials. The IE-armor microstructures
strongly protect the nanostructures inside the arrayed micropits. The experimental data prove that the 3LSPwoC process can
be applied to other metals and has excellent universality. Furthermore, we could control the roughness of the material surface
and the geometric size of the gradient structure by adjusting the process parameters of 3LSPwoC (such as laser parameters or
metallic grid size), and then obtain 3D gradient functional structures suitable for different service environments.

4. Conclusions

Gradient structures are considered to have excellent mechanical, physical, and chemical properties, and are widely used
in aerospace, ocean engineering, locomotive manufacturing, medical treatment, transportation, energy, and other fields. In this
study, we proposed a 3LSPwoC technique for manufacturing 3D gradient metal structures. An excellent application of this
method is in the manufacture of self-armored hydrophobic surfaces. The microstructure, hydrophobic properties, and
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mechanical properties of the 3LSPwoC, ALSP, and NLSP samples were analyzed and characterized. The application of
different metals has proven the effectiveness, feasibility, and universality of the process. The main conclusions are as follows:

(1) The hydrophobic properties of the 3LSPwoC samples were better than those of the traditional ALSP samples, which
was attributed to the array distribution of micropits on the surface. Nanosecond laser-induced plasma shockwaves produce
micron-scale plastic deformation and micro-nanostructures. Microstructures became attachment sites for fluorinated groups
with low binding energy, thus becoming potential air pockets, which reduced the liquid-solid contact area and achieved a
stable Cassie state. In the friction process, the raised sub-hard domain of the 3D gradient metal structures became an
integrated enhanced armor, which effectively protected the hydrophobic nanostructures inside the micropits; thus, the
3LSPwoC samples could obtain stable hydrophobic performance.

(2) The hardness of the 3D gradient metal structure varied with the gradient in the horizontal and vertical directions,
indicating excellent synergistic plastic deformation ability. The yield strength of the material increased by 63%, from 59 MPa
to 96 MPa, whereas the ductility decreased by only 0.4%. The 3LSPwoC sample had a multistage heterogeneous gradient
structure constituting hard, sub-hard, and soft domains. In the tension process, an obvious plastic strain gradient was generated
inside the heterogeneous structure, and then back stress formed, so the material produced apparent work hardening and the
synergistic response of material strength and ductility was realized.

(3) The 3D gradient metal structure can be easily extended to other metallic materials that are suitable for the fabrication
of mechanically robust functional surfaces with complex curved structures. Compared with the conventional laser shock
peening process, 3LSPwoC is more competitive in the fabrication of high-reliability functional structures. The 3D gradient
metal structure manufactured via the 3LSPwoC process is expected to play a key role in the fields of high-end CNC machine
tools, aerospace, ocean engineering equipment, advanced rail transit equipment and high-performance medical instruments.
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